There are many motivations for adding simultaneously acquired MR images to PET scanning.
Introduction
Significant advances have been made in combining PET and MR based on solid state light detectors that are insensitive to static magnetic fields, such as avalanche photodiode (APD) technology (1-4). However technical challenges, primarily associated with cross talk effects, are still not fully resolved (5) . The pre-clinical combined PET/MR scanner described in the previous special issue of TCRT (6) has been assembled and a preliminary evaluation of its performance undertaken. As MRI magnets generate fields from current hoops usually placed symmetrically about the central axial plane it is possible to introduce a central gap in the magnet and gradients structures. In this system the gap in the magnet is designed to house the complete set of PET detector crystals of the microPET® Focus-120 (F120) system (Siemens Molecular Imaging Preclinical Solutions, Knoxville USA). The self-shielding of the magnet has been designed to reduce the radial stray field on the central axis sufficiently to enable conventional photomultiplier tubes (PMTs) to operate at 1.1 m radially from the central field of view with a small amount of additional soft iron shielding. This however requires longer fibre optic bundles to couple the scintillating crystal blocks to PMTs than are used in the commercial system. This paper details the measurements made of the system when assembled for test in the Cavendish laboratory at the University of Cambridge. To test the PET system extensive use was made of the evaluation procedures as used to test the microPET rodent scanners (7, 8) and the recently established performance standard published by NEMA (9). The system has now been reassembled ( Figure 1 ) in a new location dedicated to preclinical studies and is undergoing further calibration and testing.
Materials and Methods

Magnet Design
There were several design objectives for a 'split' magnet but the main task was to provide an 80mm clear gap to house the PET detector. A further specific objective of the design process was to produce a region of low magnetic field at a short radial distance to position the PMTs of the PET detector. A novel, 1T actively-shielded superconducting magnet was designed in conjunction with Magnex Scientific (now Varian Inc., Yarnton, Oxfordshire) to meet these requirements with a homogeneity specification of 10 ppm over 8 cm dsv. With a completely clear space the individual magnet coils would tend to close the gap and so there are four symmetrically positioned posts between the two sections that withstand a crushing force of 200 kN. Thermal insulation on the posts, which are positioned at a pitch circle radius of 300mm, increases their diameter to 138mm. The electrical and cryogenic connections between the magnet sections do not present additional obstacles.
Gradient Design
In the split-magnet scanner configuration, the gradient and shim coils must also not obscure the central gap. This precludes the use of conventional cylindrical gradient and shim coils where both wire and support structure would cause additional significant scattering and attenuation. To solve this problem, a gradient coil design method that can be used to design coils wound on arbitrarily shaped surfaces was used to generate a set of three orthogonal, shielded, split gradient coils (10). A shielded Z0 shim coil was also designed to provide a means of compensating any B0 components of eddy-current-induced magnetic fields from gradient switching. Design of the transverse gradients pose the greatest problem and required an annular linking surface between the cylindrical primary and shield surfaces, without which they would have reduced performance. Conventional second-order shim coils (as well as a Z3 shim coil) were also included by arranging multi-turn loops and arcs of wire at locations to cancel unwanted spherical harmonics. The separate halves of the gradient system are fed with current and cooling water such that no components cross the gap (Figure 2 ).
RF Design
In addition to placing the PET/MR scanner into the usual screened room required to stop electro-magnetic interference (EMI) getting into the MR receiver, additional Faraday screened boxes were placed around the PMTs and associated readout electronics ( Figure 1 ). As this electronics is over 1 m away from the sensitive RF coils used for MR imaging it is simple to introduce sufficient screening between the two systems to completely eliminate electromagnetic interaction without any impact on performance of either system. This also applies to rapid magnetic field gradient switching as not only are the gradients shielded but there is also a large space for residual return field paths within this 1 m spacing. The HT and PMT read out ribbon cables are extended to ~6 m and are fed via cooper lined trunking to the PET electronics base unit housed outside the screened room. A further advantage of the gap in the gradients and the magnet is that the usual Faraday screen on the outside of the RF coil, that is required to maintain the tune and match of the RF transmitter coil independent of position, is no longer required which removes a further source of attenuation and scatter. To minimize the impact of the MRI components on PET detection a prototype transmit/receive 50 mm diameter, 50 mm long birdcage RF coil with a minimal quantity of gamma ray absorbing/scattering material was designed. An eight-strut cooper film design was used and bulky tuning and matching capacitors were placed outside the PET FOV ( Figure 3 ).
MR Console
A Bruker 'Avance' Biospec (Bruker BioSpin MRI GmbH, Ettlingen, Germany) imaging system running Linux ParaVision 3.0 was used to produce the imaging pulse sequence and a Copley Controls type 274 gradient power amplifier supplied the gradient pulses under imaging system control.
PET Detector Design
Each microPET® Focus detector consists of a LSO (ceriumdoped lutetium oxyorthosilicate) scintillating crystal block (12 12 crystal elements, 1.52 1.52 10 mm deep) coupled to a Hamamatsu C12 position sensitive photomultiplier tube (PSPMT) via a 1.1 m long, 8 8 bundle of square optical fibres. The detectors are read-out using the standard electronics base unit of a Focus microPET® system and as in the commercial system there are 96 scintillation detector blocks, arranged in 4 rings, with a 14.7 cm diameter and a 7.6 cm axial extent. The blocks are organised into 24 modules, with each module constituting four axially adjacent blocks. The specula reflector between individual optical fibres was only included over the first 10 cm of the fibre length. In addition the fibre bundles were cut at an angle of 3, 8 or 13 degrees before gluing to the crystal blocks. This cut permitted the fibre bundles to remain straight and fit past the 4 posts holding the magnet coils apart. Thus there are four quadrants, each with 6 modules, and within each quadrant the cut angle steps successively through the range of cut angles and back again, 13°, 8°, 3°, 3°, 8° and 13°. This cut permits the correct alignment of the LSO blocks, exactly as they are in the F120 system ( Figure 4 ) and only results in an additional light loss of less than 1% for the biggest cut angle. As previously reported, there is poorer energy resolution of 27% compared to 18% due to the longer fibres and the timing resolution increases to about 3.6 ns compared to 2.6 ns for the 10 cm fibres. 
PET Sensitivity
The system sensitivity was measured using the method of progressively removing aluminium sleeves surrounding a radioactive source (11). A 20 cm plastic tube with an inner diameter of 1.6 mm was filled with 10 MBq of 18 F-Fluoro-2-deoxy-glucose ( 18 F-FDG) over 15 cm of its length. The line source was sealed at both ends and inserted along the central axis of 6 concentric aluminum sleeves with various wall thicknesses. Measurements were performed with the line source aligned along the scanner axis at zero radial offset. Data were acquired for each decreasing number of sleeves and was sorted into 2D sinograms by single-slice rebinning (SSRB) (11).
To calculate absolute slice sensitivity the true coincidence rates for each slice were normalized to the source activity per slice. Dead time correction was applied (less than 2%), and allowance made for random coincidence as well as the decay branching ratio (96.7% for 18 F), and for radio active decay during the measurement process. In order to calculate the sensitivity at each slice the measured sensitivity was plotted as a function of the aluminium thickness. Then by extrapolating to zero aluminium thickness an estimate of the slice sensitivity can be made. The sensitivity averaged over all slices provides the absolute system sensitivity.
PET Spatial Resolution
Spatial resolution was measured with an 18 F point source of approximately 0.4 mm diameter located within a 1cm diameter polyethylene sphere. As detailed in the NEMA standard (9) coincidences were acquired in the central transaxial plane and at one quarter of the axial length from the central plane. But due to the complication of accurately placing the source at the magnet centre the source distribution described in the standard was not attempted. A tube system was constructed that would reach 1m into the magnet centre and allow the source to be placed at the centre of the FOV and at radial offsets of 1.2, 2.4, 3.6 and 4.8 cm along the vertical and horizontal axis. A span of 3 and maximum ring difference of 47 was used to reconstruct images of the point source using Fourier rebinning (FORE) (12) followed by filtered backprojection (FBP). Tangential, radial and axial resolutions (full width at half maximum, FWHM) were estimated from three orthogonal line profiles traced through the voxel that had the maximum intensity in the images.
PET Noise Equivalent Count Rate and Scatter Fraction
Noise equivalent count rate (NECR) (13) and scatter fraction were measured using a NEMA phantom to simulate a rat body (9). The phantom was made from high density polyethylene 5 cm in diameter, 15 cm long with a 3.2 mm channel drilled through the entire length of the phantom at 20 mm offset from its centre to allow insertion of a line source. The line source was 10 mm shorter than the phantom to minimize end effects and was filled with 320 MBq of l8 F solution. The rat phantom was placed at the centre of the combined scanned and scanned using the same energy and timing windows as for the sensitivity measurements. Separate 2D prompt and delays (randoms) sinograms were produced by histogramming the list-mode data with single-slice rebinning (SSRB).
In order to allow for the radial offset of the line source the NEMA standard describes the procedure of 'realigning' the peak in the sinogram before summing all azimuthal angles to produce a single radial profile. All counts in a band 16 mm larger than the phantom have to be set to zero and a second band of 14 mm width is centred on the peak of the summed profile. All counts outside this line source band and below a linear curve interpolated between the two edges of this band correspond to the sum of random, scatter and background counts. The true coincidence events are calculated from the number of counts above the scatter, random and background counts in the line source band. Both the total counts and number of trues are added up from all slices and converted to count rate. The noise equivalent count rate computed here is from the square of the true count rate divided by the total rate as in (8). Scatter counts are calculated subtracting the true and random count rates from the total count rate and background has been ignored.
PET and MR Simultaneous Imaging
To test for interference between the two systems, a 68 Ge point source was placed inside a birdcage coil alongside a water-filled phantom. PET singles and coincident count rates were measured with and without RF acquisition running, and with the MR electronics off. The magnetic field was present at all times but we have previously reported on the lack of any effect of the static magnetic field on PET measurements. Multi-slice, multi-echo, MR sequences were run with and without the PET system acquiring and with the PET system switched off.
The opportunity arose to scan a genetically modified ApoE mouse that was part of a 18 F-FDG study of atherosclerosis. As the Cavendish laboratory is not licensed for imaging living subjects, scanning occurred 4 hours post-injection (2 hours after the mouse was sacrificed) to assess the validity of simultaneous imaging of biological tissue. As the split gradients were temporally removed at the time, a conventional 80 mm bore gradient set was inserted and simultaneous PET and MR scanning was undertaken. Significant additional absorption and scatter occurs with the conventional gradient set but this data illustrates the potential for high Image quality was assessed using the split gradient set and with a micro Derenzo phantom (Data Spectrum Corporation, Hillsborough, NC), consisting of 6 sectors of fillable rods. The diameters of the rods were 1.2, 1.6, 2.4, 3.2, 4.0 and 4.8 mm. Centre to centre distances between adjacent rods were twice the rod diameters. The phantom was filled with 45 MBq of 18 F-FDG solution and scanned for 30 minutes using combinations of PET alone, MR alone and PET simultaneously with MR. The PET images were reconstructed using 3DRP (14, 15) with ramp and Colsher filters cut-off at the Nyquist frequency. For the simultaneous measurements the Derenzo phantom was imaged with back-to-back gradient echo fast imaging multi-slice sequences that occurred throughout the PET acquisition. Sequences details for the MR scan are: FOV 7.7 cm, 256 256 image size in the transverse plane, TE 6 ms, TR 300 ms for an 11 slice sequence.
Results and Discussion
PET Performance Sensitivity
The system sensitivity is shown in Figure 5 for the PET/MR scanner and the microPET R4 and F120 scanners (7, 8) . The axial distribution of the system sensitivity exhibits the typical triangular shape from the 3D geometry and the use of the maximum allowable ring difference. For an energy window of 350-650 keV and a coincidence window of 6 ns the corresponding peak system sensitivities are 3.6% (PET/MR), 2.6% (R4) and 4.6% (F120).
Spatial Resolution
The average of the measured tangential, radial and axial spatial resolutions at the centre of the field of view (CFOV) and one quarter of the axial length from CFOV are determined from the reconstructed point source images. The volumetric resolution, computed as the product of the three orthogonal resolutions, is plotted as a function of radial distance in Figure 6 in comparison with the F120 and R4. The reduction in resolution probably arises from a failure to align the modules in the axial direction although the azimuthal position was well constrained. In reconstructing the scanner in its new site improved module alignment has been implemented.
Noise Equivalent Count Rate
The noise equivalent count rate performance of the PET/ MR is shown in Figure 7 for a rat-size phantom. Data taken from (8) for the F120 and R4 with the same energy and timing settings are shown for comparison. The NECR for the rat-like phantom peaks at over 140 MBq on the F120, while the peak NECR occurs at ~100 kcps for the PET/ MR system, which is very similar to the performance of the R4. It is anticipated that for the majority of rodent studies activities well below 100 MBq will be used, especially for brain receptor studies.
Scatter Fraction
Scatter fraction as a function of activity is plotted in Figure 8 and shows little difference between the F120 and the PET/ MR configuration. Additional scatter and attenuation will occur when RF coils are included in the PET FOV. In order not to drastically reduce the MR signal to noise close coupled receiver coils are required which means that additional material, conducting struts, tuning components and support material, will be included in the PET FOV.
MR Performance
Using the FASTMAP (16) shimming routine, a water peak line width of 6 Hz was obtained from a bulk cylindrical phantom of 8 cm diameter and 8 cm long implying an excellent combination of magnet and resistive shim capability from the split field systems. Gradient rise time tests were performed with a 350-V, 300-A power amplifier. A maximum of 200 mTm −1 transverse magnetic field gradient could be generated, with a rise time of less than 130 µs. Efficiencies of 8.3, 6.6, 6.4, 1.1, and 1.2 mTm . The MRI image shown in Figure 9 was acquired in 15 min using the gradient echo fast imaging (GEFI) protocol and the 50 mm transmit/receive birdcage coil.
PET and MR Simultaneous Imaging
No statistically significant variation was found in the noise of either system for an extensive period of acquisition confirming that the two systems were uncoupled electromagnetically. To superimpose the images shown in Figures 9 and 10 only linear translation and scaling were used.
Conclusion
Clearly there is a measurable performance drop from the Focus-120 to the PET camera housed in the split magnet MR scanner. For a mouse phantom one would expect that both NECR and scatter fraction for the PET/MR will be closer to those of the F120. As the intrinsic block spatial resolution has been found to be the same as for the standard Focus detector (1.6mm in both cases), the resolution loss may be mostly due to block mispositioning in the module. We are investigating fine adjustment of each module position, in particular in the axial direction, and techniques for measuring block position subsequent to assembly (17). In summary, although these results are all worse than for the F120, aspects of the PET/ MR performance warrant its use for multimodality acquisition where the addition of MR imaging may contribute significantly to this new perspective in molecular imaging.
The PET/MR scanner has been recommissioned in a newly refurbished laboratory and we plan to undertake the full NEMA standard evaluation as well as a more extensive evaluation of its MR imaging capability. The PET scan parameters were a 30 min acquisition, 3DFBP reconstruction with normalization but no attenuation and scatter correction. The MR image was acquired in 15 minutes using a 'gradient echo fast imaging' (GEFI) sequence.
